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SONIC AND RESISTIVIT~ MEASUREMENTS ON 6EREA SANDSTONE
CONTAINING TETRAHYDROFURAN HYDRATES:

A POSSIBLE ANALOGUE T(l NATURAL GAS HYDRATE DEPOSITS

C. PEARSON, J. MURPHY, P. HALLECK, R. HERMES, and M. MATHEWS
Earth and Space Sciences Division

LGS Alamos National Laboratory
LGS Alamos, NM 87545

ABSTRACT

Deposits of natural gas hydrates exist in arctic sedimentary basins

and in marine sediments on continental slopes and rises. However, the

physical properties of such sediments, which may represent a large

potential energy resource, are largely unknown. In this paper, we report

laboratory sonic and resistivity measurements on Berea sandstone cores

saturated with a stoichiometric mixture of tetrahydrofuran (THF) and water.

We used THF as the guest species rather than methane or propane gas because

THF can be mixed with water to form a solution contai~)ing proportions ot

the proper sjoichiometric Tt{F and wdtcr’. Becduse neither mcthdni! rlor i)ro-

panc is soluble in water, mixing the guest species with water sufficient

to fornl solid hydrdt.e is a dittic~Jlt experinlental problt!m, particularly

ii core. [)(?Cd(JSC ‘[ti~ SOIUtiOnS tornl hydr~tes readily 3t atmosph[?r
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ionic conduction through a brine phase dominates

when the pores are nearly filled with hydrates.

tivities are strongly a function of the dissolved

at all frequencies, even

We find that the re~is-

salt content of the pore

water. Pore wat:sr salinity also influences the sonic velocity, but this

effect is much smaller and only important near the hydrate ‘ormation

temperature.

Introduction

Hydrates are a crystalline form of water containing voids or cavities

that can trap other (guest) molecules which play an ir.lportant role in sta-

bilizing the hydrate structure. Two types of hydrates (types i ~nci 2) are

known to form. The first type contains only relatively small cavities

(>8.5 ~ in diameter) tkldt can trap guest species smaller than ethane, while

the second contains a mixture ot small and large (9.5 ~ in diameter) cavi-

tlf2S dnd can trap molecijl(?s as ldrge ds lso!)utdnc. Most of the commun cor]-

stituents of natural gas form hydrates, usually type 1, Ilut typ[! 2 hydriites

can also forul it signiticdnt dmounts of (;3tl(j,C411,(I,or L’[)2drc prt!s(!nt..
.

Until recently, ndturdl (Ids hydrdt(?S were Wldcly krrowll only ds d

nuis~nce which condensed in qas transmission lines . lhcrl Russidn invcsti -

qators reported naturdl gas hydrdt(! deposits in the Sil)(!r.i(]ndrctic, 1h(!s(’

early reports were confirmvd with thu ~,lscovery of Iarqc ndturdl $),1s

hydr~tr deposits in ,lrctic North Arll{!rl~iran{! In mar’int.s{!(lim(!nts.

interest in hydrdtcs incrcas(!d ds hydratrs h(!cdIII(? not or)Iy d

t!ngin(!erinq problem in ttl[’dfct ic, but also ,] I;ot,(!rltidlon[!rgy

I{owcver, surprtsin(jl,y l+ttl(~ i$ ‘ krlowtl ,]bout the phys

!;v(limt!rltscorlt,,l ill ifl(l I),y(lrdt.(’i in t,hr it I)or(’sdtid (’xcPI)I,

work by St,ol I ,IrttlIlry,lr]t(1~))()), f(’w IIIl)ol’dtol’,y111(’11!)

r’(’port{’ti.
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In this paper, we present laboratory scmic and resist i!’ity measure-

ments on Berea Sandstone cores containing tetrahydrofuran (THF) hydrate.

Tetrahydrofuran was used as a guest species instedd of methane or some

other constituent of natural gas tiecause TttF hydrate is stable at moderate

temperatures (+4”C) ~nd atmospheric pressures, greatly simplifying experi-

water. This eliminirtes the

the guest species and water,

spaces ot sedimentary rGck.

problem of ensuring

which is a formidable

Because the crystal

mental procedures. A second major advantage of THF hydrate is that the

guest is mixable with

complete mixing between

problem inside the por~

structure of hydrates is largely independent of the guest sPecies, the

physical properties ot THF hydrate containing Sainples is probably similar

to the physical properties of a natural gas hydrate deposit formed in

similar rocks. This is particular’ly likely it the ndtural hydrates form

from gas containing molecules large enough to form type 2 hydrates.

lhis parer tocuscs or; sonic and olcctricdl medsurments I]ecdusc pre-

liminary calculdtio17s (Pearson, l!N!2j show that st)rlicv[?locities and rr?sis-

tiviti[?s drc more stron!jly dffected by the i)rcsencc ot !:ydrdtes thdn dre

other physical properties such 3s densitivs or thermdl comiuctivities. in

dddition, scislilic dnd rlectricdl methuds dr’u t.h(?most comor]ly d~l\JllW~

(I(!ophysicdl tmhniqucs.exploration Clv(]r!.y ,1 ~lvtdilM! (ll)(l(?r’stClr](iirlgot

the (Jl(’ctr’ic(ildr]t~,;coust.ic ~)ro~)urtit?s01 l)y(lr(lt~’sis n[’c(~ssdrsytt~ (I(!si!lr)

(In{{int(~rl)retqmphysical tllr~?(yhysovvr rl(lturdl0113 hy(ir~ltu(l~!l)osits.

I.x[)(’r’ill]{?rlt,llM(’thod....—..——.. .-.———.

Ih[’ $,ll?l[)lrsw(~ro (:Y!irltlrlcill(:or(’s,)~~l)roxilil(it,(’l,y!)cOI lorl!~dnd 2.b4 CIII

frl (Il,lmof,t’rctlt tro,li ,1 I)lock 01 Il($rt’,1:,,lrl[l?,l,t)fl[’l)t’rl~~’tl(li(;~jl[irto t.h(’

1)(’{ltlirlql)l(tf~(’. III(’(v~ti~,wrr’!’ qrollrl[lI)llrlll1(’1 i () ~’tl’.llrt’(100([”(:ollttl(:t

1)(’tw(’(’11fh(’ 1’11(1!, of t,tl(’‘,, 11111)1 (*’, IIIMI1,1ItJ(Il~\ttfo(lt’~or Ir(lrl’l(lll{{’r’;. 5,)1111)1(’S
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were saturated with a stoic biometric mixture ot THF JfId wdter (.18 pdrts

water to 1 part THF, Gough and Davidson, 1911), under vacuum. As part ot

the study, vdrious amounts ot NaCl were added to the tluid. The conc.entrd-

tion ot salt is reported by the molarity ot the water NaCl solution betore

THF was added to the mixture. The samples were tightly jacketed in plexi-

glass or shrink tubing betore any measurements were conducted. llecduse

temperature is an importar!t variable in our study all measurements were

conducted in ~ NESLAB RTE-8 constdnt. temperature bdth. We lett the sample

in tile bath for 24 hourz, well after a temperature change, to ensure

SdIIlple h~d PqUl]ihrdtt?d with thf2 I)dtl).

The electrical measurements were conducted using the Collett

K~tsube (1973) two-[!lectrode systenl. To reciuce poldrizdtion e:tects

$dturdted Lh[! rocks wi th por(’ fluid corltdininq krl(’m qu,Jntiti(!s ol s,]lL.

t{ec,iusc wc usual ~ Princ[!tun Applie(l

which cdrl nU’{ISUrP thu irl-[)tlllst!drld

(lr!)~)[l(lr”OS\Lh[! ~Jr(?(llSIOll rPSiStols, W(I w~!r~!dlll~!tt) (,,IIcuI,IL(:Lll(!r(!til,111(I

inld(lirl,iryc(xlllJ[)n(~llt!jot Lht! r(!sislivlty, th(! [jlIds[Idrlqll’tdfl(iltlu cowpl(!x

r[’l(ltivcpurmittivityo Ihu compl[!x (Il(!ctric(lll]rl)~)t!rtlvs(i.(!. th(! compl(lx

~)(if”llllttlvlt,y (K*) ,111(1 ~,11(, IOS:) L(lrl~j(!l~t. (1)) W[!I(I ~(ll~lll,lt,(!~l lj~]ll(j 111],,

fnllowiflq P(lll(ll.ions pr(!s[!r]l,(!tlI)Y (;011[11,[.,Ifl(lK,tl,stil)l’,1~)/:1,

the

dnd

we

I{es(q,irchIHO(lel 57[)4 lock-if] tintilyzurl

quddrd Lur”()~oml)orl(!nLs01 lII(!Volt(lg(”

d
-J” .-..

1) [p, f-(l)y

k’ ,L1-’-rlq,,,

(1)

‘ (,’)

Wll{’1”11[P* ] ,111(11’. ,111’ III(I 111,111111111111’ 1111111’11+ iIII,l Ivll v ,lflIl 11111rf’,111),11I 01

t1)11([Jlrqlll’jr{’’,l-,llvl[v 11,’,11111t Ivl’lv, ,, l’, ItII’ Itl’llllllll(v ,11111 , l’, 11111
()



permit tivity ot free spdce. The real (K-) and lmagindry (K”) pdrts of the

relative permit tivity can be calculated from K“ using:

*

K ❑ –y-
1+D2

(J)

(4)

borlic mc’inurements were conducted usin(l the h~tt,]buni dncl Schreilj(!r

(lYb)) PIIIS(!tr(insmission method. W(! used V~lpey Fisher LIL-5 qudrtz 1 F?l{z

lJiezoclt’ctric tr,tns(lucers thdt were clttdChL’(j to

Iutidinq drvi cc. All measurements (buth scnic dnd

dt dtmos~)tl(’ri~:prrssur~! , (!xccpt tor d srlh=rlldxidl

dl)ljlitvl to l’rlsllr(’th[lt.thl’ (?l(~ctrod(!or trdrls[luc~’r

t.tl(’ !,(!IIIJ)I!I.

ILl(!ctricdl KIIsults..----..... ...........

tt)~ Sdllll)it! IJy d Spr’lflq-

cleclric) were conductcf!

If)(ld,)().1 M1’rlttl(lLW(I5

r{!mdill[!tlin conttlct with

/\s ill(hfr)lrlt i[j~,.1 drl(t:’, 1.11(’rusistlvitl(’h I)f I)(yr{’(l(.uI’lI:;(.ur)l,)if]ifl(j

111~ Il,yflr(lt[’s,Irx! I[lrlc. i, lolls of I)oth L(wlp(!rllt,llrv ,Iml ‘I(llifllt,y dt which I.ti(!

l:ll’(l:llir’olllflrltS, w(II’1~ 111,111(1. lio W(’V(’~, Lf)

irl(l(’l)(”rl(li’rllIII I1“1’((111’11(..y.Ii(lur(’$ !

I,lit1][1(:,1,11,11[,11(,Illl,l(lirl,lry(. OIII~)lIfI(IIIl,

$:1!,111, (1’;11111 I.y 1(1!;s t,tldlt 10:, or t,tll’

1-(1’, 1,1 lvitiil~, !11 (~ 11(’llrl y I’qlllli . A!, ,1

01 t I’ll 11) (’x( it’, \ 1!; 100. ” I{(lt.tl III(’

.fo kll/, L!I(Ir’li’,l~,l.lvl I 1111, ,)r”(, 1](’dr’l y

dII(l ;’ [1101, I 11(’ { (IIIIIIIIIX r(’”;i’,1.iv II, v ,

ot 1,11(’ f(’:,l’,l. lvil,y W*I ‘, dlw!l,y!, V1’l,y

r(’dl (,( NHIIOIII’111 , [l)!’ 1’1’(111111(1((11111)11’X

I’(’!)Illt , 1o:,’,l,lll~lt’llt‘. ,11(’vt’ry 111(111,

1’(’(1 I r.(’l,ltlvfl l)t~rwlitl,tvlt.,y ,Irl{l 1111’

imtlllll~,llY 11,111 Wtlll II I’, i)rolloll” l~)fllll III Itl[’ 1111111’{ If 1( 111’,’) ,lr~’ I ttl~’,ir

11111{ I 1 {)11,, 1)1 I 1111/ 111,;1{ y. 11111 loll I111{’111fIIllIlioll’,11111II II IWIIIJII [1111 1111’ IILI Ir tI



loss and frequency (Fig. 3) is particularly impo~tant because the dielec-

tric loss is a parameter that describes the motion ot electric charge. It

the material displays conduction that arises not from the effect ot polari-

zation on the displacement current but trolllactual charge transport, Hasted

(1974) shows that

(5)

Here c dielectric is the cmponent ot the dielectric loss ass(’ci~ted with

loss from poldriz.dtim currents. With a dielectric loss mechanisn] \uch ,)s

th~t trorrlwater molecules an[] in tile dbsenc.e of conductors, L will

normally show d strong pedk when plotted vs frequ~ncy. However, it ctin-

duct ion dmi ndtt:s tt~t’~)oldriz~tion effe{.ts, c wil 1 be inversely propor-

tional to trctiucncv. Ihus the S1O[JI2 Ot the line lrm Fiq. 3, whl{;(] is

(U.9Y4) cdlt;uldted {Isin(l least squdrc rc!]rt)!)slorltt?chrllques, inlpli[’s thdt

con([llctlorlis nl[lc,tlmore 1111[’ortdrlt.t,tl(inI)oldrizdtlcm (Ytt(?cts irldctt’llllltlill[l

Lhe t:lectri~,ol pro~)crt ltIL)of tly(lr.dt~)~(]flldlrllfltj I)(I:L’(lsdn(l~t,oll(!(.01’115.

lhe ett(![t. ot t,(’llll~{’r<lt,llr’t’dr]{!SIIIirlit.,yon l,h(’r’t’sist,iviti(’s (It I.1111

l~(?r(”dcores ,i150 sIIgIvysf,L,ttl,)ttlltI111(’ttri(.([irrerlts f low l)v(.dus(I[)t Ior)l(

~;(,}r]fjll(:tiorl 111 ,Irl(Illtrultvl I)r’irw ptl(l!il’, wtlictl i’; ~)rf’\(’nLirl t.11(’roi,h IIVIIII

dtt[’r hy(lr,It.(:5 ‘;t[)rt.t(I 101111. III(I [lx~)or](’t~tl{llirl(.rt’,ts[’if]r(’slst,ivll.y wittl

tf’mp(’r(lt.~lr”o(( tlrs l)(I({III\(Ilow(yrItIdtml)(’r(lt~iros (dusII t.t)(’proi)~)r’1.loll ~)t

tlydr(lt.l$slrl (ho I)or’(”,to irl(.r(’,l~;(’,t[jrtll{)r[oll:;t,r’1(:1.lrl{ll,hf’I)ritl{’ 1)11,11,(1.

,,
ltl(’ (!(’(.i’l’d~f’ ir] r~’’)l~tIvlt,y ,1’;‘,1)(’I;(IIir,it,,yi,],rt~,]:,{~s(1/\owrI if!I II. ;’) 11)

(,111{,()(1I)y ,Ifl If){ rl’(t’)lIll ttll’1o11 1( ( orl( (’III I’{It loft (11 I.tl(’ I)r’ 1111’ I)tl(l’ 11’. Itl(’

(1 Ililt. 1(111,11 111111) i)r 11,10111 lfIll~llIIY,11~)1)Itlt\ll\llItl{~101111(11 t,IIl ot tlv!!f It (’,

lrltl’t’ll’llrl~lItl(’,Ililolifll (II ‘It 1111, III (I I, IIfll Ill t 1(’ j~l)l”l ”,.
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The electrical properties of hydrate containing sediments cdn be

quantitatively understood using Archie’s law (P = d Pw Q-’ll Sw-n), an

empirical relationship between water content dnd the reslstivity ot water-

saturated sediments. Here P is the resistivity of the sediments, Pw is ~he

pore water resistivity, Sw is the frdction ot the porosit~ occupied by

liquid wJt.er, and a, m, and n are empirically derived parameters. This

~quation also applies to rocks where the pore sp~ces are pdrtidlly filled

with ice or hydrdtes. However, as the dmount ot liquid water decredses, Sw

and ~ are both reduced, Sw becduse some ot the dvd
w

filled with d solid nOPCOndlJCtOr, dncl pw beCdU5~

concentrated in

near sdturdtion,

t’ds,y to (iulrll.it.y

(11’c,rf:dsv if) p .
w

the remaining untrozen brine. It

ildble pore spdce is now

the dissolved s~lts dre

the brine i~ riot very

the etf~ct of hydrate or ice tormdtion of Pw is rcldtively

l)[!~dus[!dn incrddsl’ in sdlt conc[!ntrf~tiun cd~Jst:sd Ilnedr

l~(?criustIhydr~tt!s Ot l~t? [?xclu{i(!d]l or Lhc (Iissolvc(l Sdlt>

,Is thvy forll}, thLI sdlt

Ilrol)ortioll(llto thu v()

s(:(llllkn~sw(’r(’ initldl

concentrdtiun ot tht’ I)rln(’ in~.lusions is lflverst’ly

LJm(!trdcti(!n ot 1iqui(l wdt,{!r, it w(’ dssw! Lhdt th[!

y wdt(!r sdturdte(lo in dd(l ition, t.hu r.uslstlvity ot

[l(~ut?oussol utions incr(!ast!s exponential Iy with (It!crudsinq t(!lll~~l!rsdt(lrt!s.

lncl~ltifl(ll]uLh t.h(!t,[!m~](!r{lt.llredn{l ~orlc.!r]t,r”lll.iorl”~’tt[’ct~, tilt’r(!slstivity

01 d ~],lrt.i[llIy troz(!rlhrin(! iit,t,uull)erdtur[’I is t.hlls~~r’ol)l]r’l.it)rl,llLo ([;)’l

5W wtl(’r’f’ (; is ,1 collstdnt . 5ut)st, ltlltlrl(

~’[lu[lt.iofl dn(! ~llvidinq I),yth[! r[!sistivity

t,hl~ r[’1,1I[]llst]lpirl[,[)Archl~”\

Ilt ()’’(,,wf~ t ir](lttl,]t.1./1(?r.,ltioot

lr.oi[rl(,),) ,Irt(lt.h(lw(:(l(1),,)r[’’,lstivitl[lh Is

I .11
,,,/,),“ (:”-’!)W . (f))

AI( 111(”1, Iilw II((tllllll.’,1(JI Ill” r(ll)lllIII*IltIclItlIIII rl’l,i,,lIvlly ,1’, I

1111’( I 11111 III Il,lllll{lf,illlrl’ (1,1111 I III. 4). !{(’!1111’)1’ 1’( l’! 11’, 11,11 Iy I’1[11,1 I 1{1 ;’, Ill{’
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resist ivity is inversely proporti(~nal to Sw. As the temperature decreases,

the concentration of the brine iit equilibrium with hydrdtes increases

causing Sw to decrease and t’le resistivity to increase. Increasing the

molarlty of the salt solution causes the resistivity to decredse becduse

the increased salinity of the pore water inhibits the formation of

hydrates, which increases the amount of unfrozen w~ter (SW) present.

Seismic Results

Sonic P-wave velocities, measured on hydrdte Containing B&red Sdnd-

stone cores as d function of temperature are shown in Fig. 5. This figure

shows reSU!tS from cores saturated with t.WCI difterent Na~l solutions. Note

tha”c in both cdses t,llesonic velocities increase from ?.5 km/s to 4.5 k[ll/s

wherl hydrates begin to fom in the pore spdces. Unce hydrates form, the

velocjtj~s rcdch d pldte.lU where further cooling producet very little

chdnqe.

/\s stiowfn in 1-1[1. b the sd]lnity ot the SdtUrdt’

little ettect on the sonic velocities once 11.y(lrdtes

cores. tiow(~vercores SdtUrdted with sdllne water dnd 1

velocity pldtfzdu more graciudl ]y thdrl do SdnlpleS Sdturdted With pure Walter

dn(l “It{t. Illus ttlv t)ehdvior ot sonic velocities (is d tljnctlori ot

tcmp(?rdtur(? ::ontrdst$ with the ele(;tricdl r-~~sistivity Ill(?ds(lr(?lll(?rltsin thdt

(+lectri(:{)l~(~slst,ivltl(?s(l(}~redst~rdpidly ds d tunctiori ot t,(?llll)(’r’cI(.iir~’i?v(yrl

dfter the por(” Spd(:(’f ot th(? Sdlllf)le dr~ probdbl,y rledrl,ytul I 01 tly(lr”(+t,t’s,

whi 1(! sor!l(,v(’lo(:ltI(J5 rdlli(ll.yirlcr(:ds(’wh(~n ~’y(lrdt(>sstdrt !.()lorlllIII t,tl(’

porf! Spd(-(’s but, then t.h(!vulo(:it.i(’s r(’cl(;hd ‘l)ldt,(~{iuwllcrc l~jrt.tl(’r\(Iul111(]

~)ro(lll((I’,v(’ry I Itl It’ (Il{lrl(j{’lrl ‘,or)l( v(Ilo( lti(’,. III(’ II I I t(’r’t’rl( 1’ Ill [II(’

Ili( VIII(I(1[r(’,,,Irl(lrt’~+l’,llvl~ III’,11’ I’,tlrtl)’, ,1

tl(, 11111(Il(lrll,lll IIV wtll( II 1,111( II II ,!1 ,tlml ,11 1111 f II
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signals are transmitted in rock. Electrical Slgnd; S dre transmitted

through the brine phase so electrical properties remain sensitive to the

amount of brine present, even when the traction of the pore volume

containing brine becomes very small. In contrdst, dCOUStlC~UlS12Sdr~

transmitted primarily through tk~ solid matrix so, once the pore volume is

ldrCJely filled with hydrates d further decrease i~ the small brine fraction

produces only a negligibl change in velocity. However the slower

asymptotic approdch in the brine-rich sample suggests that amount ot fluid

in the unfrozen hrlne phase does have some effect on velocity when the

brine phase consists ot ~ relatively large mount ot fluicl.

The compression~l velocity of hydrates forming in a sediment cdn

probably be understood using d three-ph~se time.dverdged equdtion, tlrst

proposal by Timur (1968) for partiiilly frozen sediments dnd since tested hy

several othpr duthors. lhe compressiundl veluclty (Vp) is re]dl(?d Lo L.hu

velocity of-ice (Vs), the velocity ut the brine inclusions (VI)), dfl(l t.ht!

Ve]OClty Ot the S@ll(i llldtrlX (Vm) I)y

$ (Sw) (l-SW) (1 -$)
l/vp = —-–– + —–— +

Vlll ‘
(/)

Vl) Vs

hydr~tcs, this cq(Jdtiofl Cdrl prol)dhly be use(i to t-.dlculdtf’ the v(!lucity ut d

mixture ot hydr~lt.cs ijn(lI]rin(lin $t!dimentdry rock. Nott! ttldt ~.({. / ([(!ll (’11(1>

Iinedrly orl S in curltr,lst.to 1({. b which, it rl 2, is irlvurs(!l,ypfop,)f-
w’ -

t.t!lll~)or-l)tllf’(”(:(1111)(!(!x~)l(]ifl(~(lI)y t,tl(l(iitt(:r.(111(~1irl Ihf’ (1~’1)(’rl[l(’rl( II (J I I II*, . f,

,111(1 / (Ill !) ltI(I(~lo(t,fl((ll111011111I,i(’\,1111if)vl’r’ll’lyIIIIIIJOII.lO1l{ll” t,()‘,w“ ‘,1)
w



very little unfrozen w~ter remains in the rock. In contrast, in Eq. 7 SP

enters directly as a term added to other quantities. Thus as Sw becomes

small it has ~ negligible effect on the seismic velocity.

Conclusions

Several significant conclusions cdn be drawn from this study: (1) the

resistivities and sonic velocities of Ilerea sandstone cores are strongly

affected by the presence of hydrates. Resistivities increased by an order

ot magnitude and continued to increase rapidly as further decredses in

Temperature reduced the amount of unfrozen brine present in the rock. The

sonic velocities, in contrast, rapidly increased when hydrates beqdfl to

form in the cores blit socn approached d limiting value. Further cooling

produced only a very smal; increase in sonic velocities. (2) The salinity

of the pare water in which the hyclrdtes term has d strong dttt?ct on the

rcsistivitles but a very small dtfect on the sonic velocities. We suqgest

thdt the ettcct ot tt!mpcrdture dnd Sallnlty on rL!SIStlvltleS dnd SOnlC

velocities can be explained if the 5dmplwi 01M2Y Archiu’s l~w tm resis-

tivities dnd the three-phase rule tor velocities. (3) KeslstiviLies ot

hycir~te containing cores dre nearly trequency indeperldrnt in the range troll]

10 Hz t(.)3[1 kl{z. However, both the di(’lect.ric const~nt. ,tnd the (Ii(!lectric

loss decrease

s,hip b~tw[?en

;)roperties ot

ciuctlon irl dn

trequency dn(l (Dielectric loss Sug(j(!st,s thdt Lhu {!l[wtri~d

the hydrdte Containing Sdwp]cs dre control I[!d by ionic [.orl

unfrozen brine phdst!.

st.runq dtt(!cl. on Ltw ,IC(IIISII(: drl(t111(1[.1,1.i([Ir-oll(’l.lit”, of si’~limlrlf.’,.AII

Irl(r(lllt(’ot s[’v(!r-l]I [Jr(l(lr”’,(It mdf]rlllliflf’Irl (~lf’(lrl~,ll r’i’’,!illvlll~’l(.4111

I’,l!l 1 I,y 1)11(I(tl(l(.t.,)(111:111111(t vl!r”llll.,yot l’l{l(trl({llIIXI)lI)r(It1011 II*Illrll(~ll(”).

1[)



Also pn 80% increase in sonic velocity is

strong reflection in seismic reflection data

seismic refraction surveys. This very strong

sufficient to produce . very

and cdn easily be detected In

velocity contrast may Jccount

for strong reflections thdt are often observed at th~ bottonl ot possible

hydrate bearing horizons in marine seismic surveyr. (Shipl(v -t al 19]9).
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Figure Captions

Fig. 1. Resist ivit,y and
temperature and frequency
te~rahydrofuran solution.

Fig. 2. Resist ivity and

-5
relative permittivity x 10 as a function of

for a Berea core Saturdted with 0.5 N NaCl

-5
relative permittivity x 10 as a function ot

frequency and salinity at -24°C.

Fig. 3. Imaginary part of the relative permlttivity x 10-4 vs frequency
for a Berea core saturated with d 0.5 N NaCl tetrahydrofuran solution at
-240;.

Fig. 4. Resistivity and relative permittivity x 1(I
-1 as d function of

temperature for a core saturated with a ().5 N NaCl tetrahydrofuran
sollltion.

Fig. 5. Sonic velocities vs temperatures for two Berea cores showing the
effect of salinity.



1000”

100

10

1

0,1

,01,

1000

100

●

10 1 I I

0.5m NaCl

Im NaCl
.05m NaCl

.05m NaCl

0.5m NaCl

Im NtlCl

10 100 1(K)O 1O(XM

Frequency (Hz]



CL
o

6

Resistivity ( Q-m) Relative Permittivity



( Resistivity ( Q -m)

c

=-
,

. -.

;0
.

●

●

●

●

●

●

[

I

]

I 1 1 1 I

●

e



.

8

la 109 1OE10 10000
Frequency hz



!2

4

3

2

Om NaCl

0.5m I’%C1

. . ,

-35 -25 -15 -5 5 ?5

Temperature (C)


